A series of oligonucleotides of different sequences have been cloned to study DNA curvature.
INTRODUCTION
Sequence-directed DNA curvature has been under discussion for several years 1 (for reviews see Ref. [2] [3] [4] [5] . Experimental evidence for sequence-directed curvature has been obtained from the gel migration analysis of a kinetoplast DNA fragment 6 "^.
The properties of this effect were analyzed using kinetoplast DNA fragments""^ and synthetic oligonucleotides 1^-1 3 . The gel migration analysis shows that repeated dA n 'dT n blocks with n^M yield in detectable DNA curvature^. However, the sequences analyzed so far do not exclude that also DNA fragments with other specific sequences might be curved. Other experimental techniques such as electric dichroism"> 1 **» and electron microscopy 1 ?, were used to prove the existence of sequence-directed DNA curvature. Nevertheless, polyacrylamide gel electrophoresis is the most sensitive and convenient method to detect DNA curvature. It was used not only to define the migration anomaly but also to determine some of its properties^.
Synthesized DNA oligonucleotides were cloned and analyzed'' to discriminate between sequence specific models for DNA curvature.
Several of these cloned DNA fragments are analyzed here in some detail. For a selected series of fragments the migration anomaly was measured in 10% acrylamide gels; the dependence upon temperature and the effect of additional NaCl or MgCl2 was determined.
The temperature and salt dependence of the gel migration anomaly of these constructed fragments is compared to the known migration properties of a kinetoplast Q fragment and deletion fragments of that sequence 0 .
A migration anomaly in acrylamide gels was also observed for other unusual structures of the DNA double helix. Gough and Lilley 1 ® observed a migration anomaly for a stable four-way junction. The temperature and salt dependence of the anomaly due to this physical origin can be distinguished from that of sequence-directed curvature such that these two different effects can be discriminated^.
MATERIALS AM. METHODS Construction
A series of 5 double-stranded sequences^ were cloned into the Cla I site of pJW200 8 (see Ref. 13) . The overhanging ('sticky') ends of the oligonucleotides are symmetrical.
Thus, these oligonucleotides can be combined head-to-head, tail-to-tail, and in tandem repeats.
The sequence of the oligonucleotides is chosen such that two of these three different possible combinations of the oligonucleotides will result in unique cutting sites for the restriction enzymes Ace I or Asu II, respectively. These two enzymes can be used to suppress head-to-head and tail-to-tail ligations of the oligonucleotides.
In addition, plasmids containing such oligonucleotide combinations can be linearized by these enzymes; the transfection of these molecules will be suppressed.
By this cloning strategy, the Cla I site is destroyed. Since A cc I and A su II cut with the same overhang ('sticky ends') as Cla I, the restriction enzymes can also be used after cloning to construct new shorter insertions. In addition, the central 4 base-pairs (bp) of the 6 bp Cla I recognition site is cut by Tag I yielding the same overhang. All restriction enzymes were purchased from New England Biolabs or Boehringer Mannheim.
Two other complementary 21 bp oligonucleotides were a gift of Drs.L. Ulanovsky and E.N.Trifonov 16 . The 21 bp long oligonucleotides were purified on reverse phase HPLC. After annealing to double-stranded DNA with overhanging ends, the molecules were ligated (T4 DNA ligase, New England Biolabs). For these molecules only one combination (tandem repeats) is possible.
The reaction mixture was heat inactivated and purified by ethanol precipitation. The overhanging ends were filled-in by DNA Polymerase I, large fragment (New England Biolabs).
Similarly, the pBR322 21 derivative pJW200 8 was linearized by cutting with CTa I; the overhangigng ends were filled-in with DNA Polymerase I, large fragment.
Finally, the linearized blunt ended vector and the filled-in ligation ladder were mixed and ligated overnight.
The plasmids were then transformed into E.coli HB101 cells in the presence of Cla I; the cells were grown to saturation, the plasmids alkaline extracted and purified by HPLC on a Nucleogen 4000 column (Diagen). The sequence of each insert was determined following the protocol of Maxam and Gilbert 22 . The insertion sequences of all the fragments analyzed here are listed in Table 1 .
From two insertion sequences dimers were constructed. The plasmids pK3A108 and pKUA108 (see Table 1 ) were digested first by Hind Til followed by Eco RI. The reaction mixture was phenol extracted, ethanol precipitated, redissolved and loaded onto a Nucleogen 1000 column (Diagen). In the HPLC run, the short DNA fragments containing the insert were separated and isolated. After precipitation and dialysis, these fragments were ligated overnight, cut by Eco RI and purified by ethanol precipitation. The dimers are 220 and 222 bp in length, repectively.
The Q~\a T site of pJW200 is a convenient site for inserting curved DNA not only for cloning (see above) but also for sequencing reasons.
Unique (digestion with Ha£_IXI and Hinf I), and to a 123 bp ladder (BRL). During electrophoresis the temperature in the gel was measured by a Pt-element polymerized into the gel. The signal of the Pt-element is digitally compared to a preset value; the difference between signal and preset value is indicated and plotted. This allows a sensitive detection of the temperature independent of the detection range of the device. During electrophoresis the gel temperature is stable to about ±0.05°C; deviations from the mean value were tolerated up to a few tenth's of a degree.
With additional salt present in the running buffer, the buffer was pumped between the electrode compartments with a rate of 5 I/hour each way. When MgClg was present, no EDTA was added.
For higher currents during electrophoresis, electrode processes strongly influence the DNA migration in the gel as well as the gel matrix itself.
These influences become negligible when the buffer is exchanged between the electrode compartments with a high rate. Alternatively, the same effect was obtained when the gel was shielded from the cathode by a cation-exchange membrane (Serva).
RESULTS
The restriction endonuclease Hae III cuts the constructed plasmids (listed in Table 1 ), in addition to other sites, H2 bp The plasmid name contains the following information: the length of the dA or dT-block in about the helical repeat (3, t, or alternating 5 and 6); the letter A or T indicates if mainly the dA-or the dT-blocks are in the first strand; the sequence repeat length (10 or 21 bp); and the number of dA-or dT-blocks (repeats) in the insert. The sequence organization counts consecutively the dA-and dT-blocks in the first strand (5' to 3', for this definition see also Ref.
13).
The insertion sequence is given by capital letters. On the 5 1 side of the insertion, the first 3 bases of the destroyed Cla I site are given in small letters and, equivalently, the 3' following sequence including the Hind III site. -.
-396
Figure 1
Hae III digest of the plasmids pK4A101 (a), pK4A102 (b), pK4A104 (c), pK4A105 (d), pK4A106 (e), and pK4A108 (f) (see Table 1 ) and a Hinf I digest of pBR322 partially digested with Ecu RI (g).
The 10% polyacrylamide gel was run at room temperature without additional salt.
5' upstream and 150 bp 3' downstream of the Cla I insertion site.
The Hae III fragments have a sequence length of 192 bp plus the insertion length. Figure 1 shows a Hae III digest of the plasmids pK4A101, pK4A1O2, pK4A104, pK4A105, pK4A106, and pK4A108 (see Table 1 ). These plasmids contain insertions of the sequence 5'-dGACAAAACTC-3' (4 consecutive dAs in a repeat length of 10 bp, sequence 'family' 4A10) with increasing numbers of tandem repeats, 1, 2, 4, 5, 6, and 8, respectively (the last number in the plasmid name refers to the number of repeats). From this figure it is obvious that with an increasing number of repeats in the insertion, the fragments show an increasing gel migration anomaly.
A quantitative analysis of the retardation of these Hae III 123^56789 repeats Figure 2 . k-factors of the Hae III fragments of the sequence family 3A10 (•) (plasmid pK3A1O8), sequence family 4A10 (+) (plasmids pK4A101, pK4A102, pK4A104, pK4A105, pK4A106, and pK4A10), sequence family 5/6A21 (o) (plasmids pK5/6A214 and pK5/6A216) and of the sequence family 5/6T21 (•) (plasmids pK5/6T212, pK5/6T214, pK5/6T216, and pK5/6T217).
For the sequences see Table 1 . The experimental errors of the k-factors are indicated by the bars. The 10$ polyacrylamide gels were run at 20°C without additional salt. fragments is displayed in Figure 2 . The gel migration anomaly is presented in terms of a k-factor. The k-factor is defined as the inverse ratio of the gel electrophoretic mobility of a fragment to that expected of a 'normal' DNA fragment of the same size.
Thus, normally migrating fragments have a k-factor of one; the k-factor of retarded fragments is larger than one. The experimental error of the k-factor is ±0.02. The Hae III fragments contain insertion sequences constructed from increasing numbers of tandem repeats of 10 or 10.5 bp (in the latter case the sequence repeat length is 21 bp, see Table 1 ). Figure 2 shows the k-factors of these fragments as a function of the number of repeats in the insert.
While the Hae TTI fragment containing 8 tandem repeats of the sequence 5'-dGACAAAGCTC-3' (3 consecutive dAs in a repeat length of 10 bp, sequence 'family' 3A10, see Ref. 13) shows no For the fragments containing repeats of the latter sequence, the k-factor is larger in general; it also increases faster with the number of repeats. For this insertion sequence a clear difference in the k-factor is observed when the tandem repeats are arranged such that the dA-blocks are in the first strand, or when they are in the opposite orientation with the dT-blocks in the first strand (see Table 1 ).
To determine the temperature and salt dependence of the gel migration anomaly of these sequences, the Hae III fragments of the following plasmids were analyzed (see Table 1 ): pK3A1O8, PK4A108, pK1A109, PK5/6A216, and pK5/6T216. In addition, dimers were constructed from Fco RI-Hind III fragments of the plasmids PK3A1O8 and pK4A108 (see Materials and Methods).
The gel migration anomaly was measured in the temperature range 5°C to 58°C, and at 20°C with the addition of NaCl up to 60 mM or MgCl 2 up to 30 mM. Tpmpprature
The k-factors of the Hae III fragments of the plasmids PK3A1O8, pK4A108 and pK4A109 are shown in Figure 3a as a function of the temperature.
The k-factor of the pK3A108 fragment is close to one throughout the temperature range. At temperatures below about 15°C, a gel migration anomaly of this fragment is detectable. The Hae III fragments of the plasmids pKHA108 and pK4A109 are similar in length (272 and 282 bp, respectively) but the sequence organization of the insert is different. For the first fragment the insert is arranged in perfect tandem repeats; in the second fragment the tandem organization of the insert is interrupted twice by repeats in opposite orientation (see Table 1 ). The k-factors of these two fragments are identical in the entire temperature range; they decreases monotonically with increasing temperature. The k-factors extrapolate to 1.00 (normal behaviour) at about 60°C. NaCI dependence of the k-factors of the Hae III fragments of the plasmids pK3A1O8 (•), pK4A108 (o), and pK4A109 (A). Fi gure *lb NaCI dependence of the k-factors of Eco rl-Hind IIIEco RI dimers of the plasmids pK3A108 (o) and pK4A108 (•) Figure He NaCI dependence of the k-factors of Hae III fragments of the plasmids pK5/6A216 (o) and pK5/6T216 (+).
The Eco RI-Hind III-Eco RI dimers of the plasmids pK3A108 and pK4A108 show a behaviour similar to that of the corresponding Hae III fragments (see Figure 3b ) but with higher k-factors. A larger gel migration anomaly of these dimers is expected since the dimers are of comparable length as the corresponding Hae III fragments (f.e. 222 bp compared to 272 bp, respectively) but contain twice as many curved repeats. For the dimer, the gel migration anomaly of the pK3A1O8 fragment is still small but clearly measurable. The k-factor of this dimer also decreases with temperature and becomes undetectable at tO°C. For the pK4A108 dimer, the k-factor decreases rapidly with temperature up to about 10°C and then decreases slower beyond this temperature. This behaviour is well known for kinetoplast DNA fragments* 5 and is also found for the corresponding H ae HI fragments shown in Figure 3a . Parallel to the behaviour of the corresponding Hae III fragment, the gel migration anomaly for this dimer vanishes at 60°C.
A different temperature dependence is found for the Hae III fragments of the plasmids pK5/6A216 and pK5/6T216 (see Figure  3c) .
Below room temperature the k-factors of these fragments decrease with decreasing temperature in contrast to the properties of the other fragments, whereas above this temperature the fragments behave similarly to fragments with other insertion sequences. NaCI depsncsncs
The gel migration anomalies of the Hae III fragments of PK3A1O8, pKHA108, and pK4A109 are shown in Figure 4a function of NaCl concentration. Again the fragment of pK3A108 hardly shows an anomaly. The fragments of pKtA108 and pK4A109 have identical k-factors in the whole NaCl concentration range. For the F.P.O RT-Hind III-Eco RI dimer of pK4A108 the anomaly decreases slightly with NaCl in the concentration range 0 to 10 mM (see Figure 1b) . Such a decrease of the anomaly with NaCl concentration has already been observed for a kinetoplast DNA fragment 0 .
The migration anomaly of the Hae III fragments of the plasmids pK5/6A216 and pK5/6T2i6 show a NaCl dependence in agreement with these data (see Figure He) .
MeCl^ dependence
The k-factors of the Hae III fragments of the plasmids pK3A108, pK4A108, and pK4A109 increase with increasing amounts of MgCl2 up to about 10 mM as shown in Figure 5a . Beyond 10 mM the k-factors of all three fragments are constant.
Surprisingly, the k-factors of the pK4A108 and pK4A109 fragments are clearly different. This difference is observed already when EDTA is omitted from the Tris-borate buffer (without MgClg added). The anomalies of the Eco RI-Hind III-Eco RI dimers of the plasmids pK3A1O8 and pK4A108 are displayed in Figure 5b . As already observed for the temperature and NaCl dependence, also the Mg^+ effect on the k-factors of the dimers is larger than on the k-factors of the corresponding Hae III fragments. This suggests that, in general, these effects are large for fragments with large anomalies. An increase of the k-factor with MgClg concentration has already been found for a kinetoplast DNA fragment^.
A different MgCl 2 dependence is observed for the Hae III fragments of the plasmids pK5/6A216 and pK5/6T216 (see Figure  5c ).
For these fragments the k-factors decrease with increasing MgCl 2 concentration (up to about 10 mM). The effect is small for the pK5/6A216 fragment but obvious for the pK5/6T216 fragment.
DISCUSSION

Smal 1 decrees of curvature
For curved oligonucleotides repeated in phase with the helix turn, the gel migration anomaly increases non-linearly with the number of repeats. For small number of repeats (up to about three) the anomaly increases with a small slope; beyond about three repeats the slope increases (see Figure 1 and 2) . Since every single repeat is expected to contribute the same amount of curvature, the non-linearity indicates that the gel matrix is rather insensitive to small degrees of fragment curvature.
The Has III fragment of the plasmid pK3A108 hardly shows any gel migration anomaly, while the dimer of the same insertion sequence has clearly detectable anomaly (compare Figures 3a and 3b) . Thus, also dA^ sequence stretches seem to have small degrees of curvature which, however, are hardly detected by the gel matrix when the sequence is only repeated 8 times.
Small but detectable anomaly for dAo sequences has also been observed by Koo gi aL.^.
A 'nearest neighbour 1 model accounts for DNA curvature by dAA/dTT wedge angles which are only dependent upon the nearest neighbours 2 '^>2H, T ne large difference between the gel migration anomalies of the dA^ and dAj, sequences argues against this model. The DNA curvature should increase linearly with the number of consecutive dAA/dTT dinucleotides per helical repeat (up to 6 dAs). No migration anomaly was observed for sequences with only one dAA dinucleotide per helical repeat 1^.
However, gel matrices seem to be insensitive to small degrees of curvature so that it cannot be excluded that these sequences might have the predicted curvature, and that the gel matrix does not detect it. Inf luence of repeat organi 7.ati on on migration anomai v The oligonucleotides of 10 bp Iength 1 3 (containing dA n blocks in one and dT n blocks in the other strand, see Table 1 ) can be ligated to form tandem repeats (the dA n blocks always on the same strand) or in mixed head-to-head, tail-to-tail, and tandem arrangements (dA n and dT n blocks on the same strand). When a sequence specific anisotropic curving property is associated with these sequence blocks^, due to the symmetry of the double helix for strand exchange, the curvature of the repeated sequence should be independent of the arrangement 12 .
Indeed, the gel migration anomaly was found to be independent of the repeat organization 12 > 1 3. Here, two insertion sequences are compared being constructed from the same repeated sequence but having different sequence organization (Hae III fragments of the plasmids pKtA108 and pK4A1O9). While in the one fragment (pK4A108) the insert is arranged in perfect tandem repeats, the other (pK4A109) contains 3 groups of tandem repeats which are interrupted by repeats in opposite orientation (see Table 1 ). The DNA fragments of these two plasmids (272 and 282 bp in length) have identical k-factors in the whole temperature range (see Figure 3a) . In addition, identical anomaly is also found by addition of NaCl (Figure la) .
However, the anomalies of these two DNA fragments respond differently to MgCl 2 (see Figure 5a) . This difference appears already when EDTA is omitted from the electrophoresis buffer; it does not increase with addition of MgCl 2 .
Although now having different values, the qualitative behaviours of the two fragments are still identical; the k-factor of both fragments increases with MgCl 2 and levels off at about 10 mM. Since the degree of curvature is expected to be identical for both insertions, the difference in the migration anomaly can only be due to the interaction of these insertions with the flanking 5' and 3 1 B-DNA sequences.
Either the influence of the curved insertions on the flanking sequences is anisotropic (different in the 5' than in the 3' direction) or the curved insertions interact with specific sequences in the flanking DNA. The 98 bp long Eco RI-Hind III fragments of the plasmids pK5/6A216 and pK5/6T216 containing the insertions still show a mobility difference. These two fragments were cut with ALli-I; the shorter 82 bp long Alu I-Hind III fragments containing the insertions comigrate (data not shown).
By digesting with AT" I, the sequence 5 '-d(AATTKTCATGTTTGACAG-3' 21 is cut off at the Eco Rl-ends of the Eco RI-Hind III fragments. Thus, due to the different orientation of the curved insertion sequence, the insertions might interact with this specific sequence in a different way; the different orientation yields in a different phasing between the dA^/6 or dT^/5 blocks, respectively, with this 5' sequence. However, by Alu I digestion the sequence 5 1 of the insertions becomes only 9 bp long which might be too short to detect an anisotropic influence of the insertion sequence. §pqnpnce influence on temperature and MeCl^ dependence of the anomalv For all the DNA fragments discussed so far, the k-factor decreases with increasing temperature and increases with MgCl2 (see Figures 3 and 5, see Ref. 8 ). The temperature dependence for Hae III fragments of the plasmids pK5/6A216 and pK5/6T216, above room temperature, is in agreement with these findings. Also by the addition of NaCl, the behaviour of these two fragments is agreement with that of other fragments (see Figure  1c) .
However, below room temperature or by addition of MgCl2, the migration anomaly behaves differently than the anomalies of the other DNA fragments.
Below about 25°C, for these two fragments the k-factor decreases with decreasing temperature and addition of MgCl 2 (see Figures 3c and 5c) .
These insertion sequences with alternating blocks of 5 and 6 dAs were intended to have maximal curvature by making the curved DNA axis planar 1^.
Mg
2+
is assumed to bind site-specifically changing the planarity of the fragment curvature. Following this argument, by Mg 2+ binding the curvature of these sequences can only be twisted out of optimal planarity decreasing the k-factor.
The temperature dependence of the k-factor can also be explained by planarity considerations. It indicates that optimal planarity seems to be obtained at room temperature. The temperature induced change in planarity might be due to the temperature influence on the DNA twist angle 2^.
In addition, the temperature might change the local DNA structure by other effects 12 . Additional temperature effects might help explain the general temperature dependence for all sequences above room temperature. Specific temperature induced structural changes in these dA-blocks would predict a similar temperature dependence for all these sequences. However, below room temperature different behaviour is observed for different sequences which all contain repeated dA-blocks as curvature inducing elements. In addition, as observed for Mg 2+ binding (see above), sequence specific temperature effects on the structure of the dA n -blocks should induce a difference between the Hae III fragments of pK4A108 and pK4A109 which is not observed experimentally. Also for kinetoplast DNA sequences, the temperature dependence of the anomaly changed when going from the complete fragment to parts of it^. For a fragment containing only a short kinetoplast sequence stretch, the k-factor hardly decreases between 5°C and 20°C 8 .
Comparison to £Jig gel migration anomal v of other origin
Other unusual DNA structures also show gel migration anomalies (for example cruciforms^°). The temperature and salt (NaCl and MgC^) dependence of the gel migration anomaly of a stable cruciform was measured; it is clearly different from that due to dA n blocks (n^4) repeated in phase with the helix turn 1^.
Thus, the temperature and salt dependence characterize the physical origin of the anomaly; these properties can be used to distinguish between them. The gel migration anomaly of DNA fragments containing repeated dAjj blocks show temperature and salt dependencies very similar to that of a kinetoplast DNA fragment and deletion fragments of this sequence**. From this similarity I conclude that the anomaly of both sequences are of the same physical origin.
